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FOREWORD 


The  ionospheric  heating  experiments  described  in  this  report 
were  conducted  at  the  Arecibo  Observatory  operated  by  Cornell 
University  at  Arecibo.  They  have  been  performed  by  W.  E. 
Gordon  and  H„  C.  Carlson  with  the  scientific  collaboration 
of  R.  A.  Behnke ,  T.  Hagfors  and  J.  F.  Rowe  from  the  Arecibo 
Observatory;  I.  J.  Kantor,  D.  M.  Kim,  A.  R.  Laird,  L.  Dias 
and  F.  Schwab  from  Rice  University;  R.  L.  Showen  from  the 
University  of  Puerto  Rico,  Mayaguez;  M.  Biondi  and  D.  Sipler 
from  the  University  of  Pittsburgh;  and  V.  B.  Wickwar  from 
Yale  University  and  Rice  University.  Engineering  and  tech¬ 
nical  support  was  provided  by  D.  Albino,  R.  B.  Dyce,  M.  A. 
Feyjoo,  D.  Vanwinkle,  J.  Maldonado  and  R.  Towers  from  the 
Arecibo  Observatory;  L.  M.  LaLonde,  D.  T.  Farley,  J.  Hagen, 

G.  Ioannides  and  C.  Zamlutti  from  Cornell  University;  W. 
Utlaut  and  J.  Carroll  from  the  National  Oceanic  and  Atmo¬ 
spheric  Administration  in  Boulder;  and  R.  Tanner  from 
Technology  for  Communications  International.  The  observa¬ 
tions  summarized  here  would  not  have  been  possible  without 
the  cooperation  and  assistance  of  all  of  the  above  people 
as  well  as  those  at  Rome  Air  Development  Center  and  the 
Advanced  Research  Projects  Agency.  Mr.  A.  Van  Every  at 
ARPA  provided  the  encouragement  and  the  support  over  many 
years  chat  produced  these  results. 


IONOSPHERIC  HEATING  ANALYSIS 


SUMMARY 

Enhancements  of  various  features  of  the  incoherent 
scatter  spectrum  are  observed  when  the  ionosphere  is  illu¬ 
minated  with  powerful,  high-frequency  radio  waves.  The 
radio  waves  excite  plasma  instabilities  producing  lines  or 
more  complex  spectral  features  near  the  local  plasma  fre¬ 
quency,  at  the  local  ion-acoust- c  frequency,  near  the  local 
gyrofrequency  and  twice  the  gyrofrequency .  The  enhancements 
occur  in  a  thin  slab  as  observed  by  the  incoherent  scatter 
radar  and  at  both  upshifted  and  downshifted  frequencies  with 
respect  to  the  probing  radar  frequency.  The  enhancements 
are  observed  to  vary  with  time  when  the  high  frequency 

tter  that  produces  the  radio  wave  excitation  is  held 
at  constant  power,  and  to  vary  with  time  as  the  high 
frequency  transmitter  is  turned  on  or  off. 

The  powerful  iad^'o  waves  are  produced  by  a  160  kilowatt 
transmitter  feeding  a  log-periodic  set  of  curtains  mounted 
at  the  focus  of  the  1000- foot  reflector  in  the  frequency 
range  5  to  12  megahertz.  The  effects  are  observed  with  the 
incoherent  sc  itter  radar  using  the  same  reflector,  by 
ionosondes  nearby,  and  by  photometers. 

The  frequencies  of  the  plasma  line  and  the  ion  line 
and  their  relation  to  the  pump  (high  frequency  radio  wave) 
frequency  were  predictable  from  available  parametric  insta¬ 
bility  theory.  Other  spectral  features  are  being  explained 
as  the  theory  develops  with  the  help  of  the  observations. 
There  remain  some  discrepancies,  in  particular  the  asymme¬ 
tries  in  intensity,  width,  fluctuations  and  decay  rates  of 
the  upshifted  compared  to  the  downshifted  plasma  lines. 

The  Appendix  contains  a  collection  of  spectra  observed 
under  various  conditions. 
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INTRODUCTION 

The  heating  experiments  at  Arecibo  have  yielded  a  number 
of  interesting  results  derived  from  the  normal  absorption  of 
radio  waves  in  the  ionosphere  and  from  the  anomalous  absorp¬ 
tion  of  the  high-frequency  (5-10  MHz )  waves  and  the  excitation 
of  plasma  instabilities.  The  results  are  summarized  below. 

O-mode  heating  of  the  ambient  electrons  has  been  detected. 
Deviative  absorption  ray  tracing,  and  heat-balance  calculations 
are  consistent  with:  the  magnitude  of  the  increase,  typically 
peaking  at  150°  to  400°K,  with  the  higher  values  at  night;  the 
location,  typically  4°  to  9°  north  of  the  Observatory;  the 
volume,  matched  to  the  beam  when  mapped  in  two  or  three  dimen¬ 
sions;  and  thermal  relaxation  times  of  a  few  tens  of  seconds. 

The  ion  temperature  is  unchanged  within  error  bars  of  tens  of 
degrees  K. 

The  HF  excited  plasma  line  exhibits  spectral  features 
(decay-mode  line,  growing-mode  line,  image  of  decay-mode  line), 
most  of  which  can  be  explained  by  linear  parametric  theojry. 
Observation  of  an  additional  broad  spectral  feature  has  led 
to  extension  of  the  nonlinear  theory.  Some  features  are  not 
as  yet  explained.  The  decay  times  are  consistent  with  the 
wave— damping  theory  and  offer  a  new  tool  for  collision  frequency 
and  photoelectron  studies.  Airy  structure  in  the  vicinity  of 
HF  reflection  has  been  observed,  consistent  with  theory. 
Fluctuations  of  the  plasma-line  intensities  over  two  orders  of 
magnitude  show  distribution  functions  suggesting  upper- 
threshold  saturation  in  the  ionospheric  plasma  for  higher  HF 
transmitted  power  levels.  Ion-component  spectra  have  been 
measured  and  seem  to  be  consistent  with  the  theory.  Additional 
spectra  are  available  for  study  in  the  Appendix. 
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Red-line  enhancement  and  suppression  in  the  airglow 
have  been  observed.  Suppression  of  roughly  one  percent  is 
observed  in  association  with  extraordinary-mode  excitation 
of  the  plasma,  implying  a  temperature-dependent  reduction 
in  the  recombination  rate.  Enhancement  of  one  to  ten  ray- 
leighs  is  observed  in  association  with  ordinary-mode  excita¬ 
tion  of  the  plasma,  implying  an  increase  through  energetic- 
electron-impact  excitation  of  the  airglow.  The  rise  and 
fall  times  of  these  enhancements  are  substantially  less  than 
the  O^D-state  lifetime,  so  quenching  rates  of  the  airglow 
emission  can  be  found. 

The  Boulder  and  Arecibo  ionograms  during  heating  experi¬ 
ments  exhibit  the  same  general  characteristics,  although  the 
details  vary  and  are  probably  related  to  field-line  geometry 
and  incident-power  differences. 

In  addition  to  enhancements  of  the  plasma  at  and  near 

the  plasma-line  frequency  and  at  the  ion-line  frequency, 

enhancements  have  been  observed  at  the  electron  gyrofrequency 

7 

and  at  twice  this  frequency  (see  Table  1) . 


NORMAL  ABSORPTION 


Heating  Effects 

The  effects  of  the  deposition  of  radio-wave  energy 
on  electron  temperature,  ion-temperature,  electron  number 
density,  and  velocity  are  discussed  here.  Parameters  impor¬ 
tant  in  determining  heating  effects  are  the  transmitted  power, 
polarization,  HF  frequency,  ionospheric  critical  frequency, 
temperature,  altitude,  and  time  of  day  (HF  absorption  in  D 
and  E  region). 
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Figure  1  shows  contours  of  electron  temperatures  when 
the  ordinary  mode  was  reflected.  The  backscatter  data  begins 
after  the  heater  has  been  on  for  half  an  hour.  Notice  that 
the  electrons  are  heated  at  and  below  the  altitude  where 
the  heating  wave  reflects.  After  the  heater  is  turned  off, 
the  electrons  relax  to  their  ambienu  temperature  of  850°  to 
950°K.  The  time  resolution  here  is  8  minutes,  the  altitude 
resolution  is  30  km,  and  the  accuracy  in  the  electron  mea¬ 
surement  is  better  than  30°K.  The  plasma  velocity  was 
measured,  but  no  velocity  changes  could  be  correlated  with 
the  temperature  effects. 

There  is  some  danger  that  backscatter  data  pres  >nted 
for  the  0-mode  reflecting  case  will  be  contaminated  by  the 
presence  of  the  parametric  instability  generated  at  the 
reflection  altitude.  However,  the  instability  comes  from 
an  exceedingly  narrow  altitude  range  (less  than  300m),  and 
the  interrogating  pulse  lengths  of  30  or  45  km  normally  used 
for  temperature  analysis  usually  cause  the  power  from  the 
instability  to  be  swamped  with  ?i  large  backscatter  echo. 

An  example  of  the  difference  in  heating  effect  between 
penetrating  and  reflecting  cases  is  given  in  Figure  2.  For 
the  penetrating  case  on  the  left,  the  F  layer  is  heated  near 
the  peak,  while  on  the  right,  only  electrons  at  and  below 
the  reflection  altitude  of  294  km  are  significantly  heated. 

The  cubes  show  several  items  simultaneously.  The  front  face 
graphs  heater  power  for  each  time  block,  as  well  as  the 
heater  frequency  and  fQF2  versus  time.  The  top  face  gives 
the  electron  temperature  for  each  time  block  integrated  in 
altitude  over  the  entire  F  layer.  The  right  face  of  each 
cube  shows  two  plots:  the  lowest  temperature  plot  is  the 
t-ime  average  of  all  the  unheated  data  blocks,  and  the  other 
plot  is  the  average  of  the  heated  blocks.  The  most  striking 
result  here  is  the  abrupt  cutoff  of  the  heating  above  the 
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reflection  altitude,  and  also  the  fact  that  the  heating  is 
greater  for  the  reflecting  case. 

An  experiment  was  made  with  the  heater  power  changed 
from  zero  to  half  to  full  power.  The  results  are  given  in 
Figures  3  and  4.  Figure  3  shows  electron  and  ion  tempera¬ 
ture  versus  altitude  for  the  three  power  levels.  The  effect 
of  100  kW  on  the  electrons  is  not  quite  double  the  effect 
of  50  kW.  The  error  in  Tg  is  less  than  20°K,  and  errors  for 
Ti  are  about  40 °K.  The  ions  do  appear  to  be  heated,  but 
no  firm  conclusions  can  be  drawn  since  the  apparent  magni¬ 
tude  of  heating  is  less  than  the  expected  errors.  Also  note 
that  the  T^  for  100  kW  is  the  same  as  for  50  kW,  and  that 
the  apparent  ion  heating  is  above  the  region  of  close  thermal 
coupling  to  neutrals.  Figure  4  presents  T  and  T.  versus 

,  G  1 

time,  averaged  in  altitude  from  294  to  348  km.  The  vertical 
bars  indicate  the  heater  power.  The  electron  temperature 
tracks  remarkably  well  with  the  HF  power,  and,  when  the 
power  is  off,  the  ambient  temperature  resumes  faster  than 
the  time  between  samples,  which  is  6  min.  Here  again  there 
is  a  hint  that  Tj,  might  follow  the  HF  power.  In  a  preliminary 
calculation  (Showen  and  Gomez,  private  communication)  for 
this  experiment,  the  expected  change  in  was  predicted  to 
be  1/8  the  change  in  T^.  This  small  amount  of  ion-temperature 
increase  could  not  be  detected  with  the  present  errors,  nor 
could  the  ambient  ionospheric  temperatures  be  expected  to 
remain  constant  to  within  these  tolerances. 

The  extent  of  the  0-mode  heating  has  been  determined 
by  making  maps  in  the  magnetic  meridian  where  the  0-mode  radio 
wave  deviates  toward  the  north.  The  ambient  temperature  is 
first  measured,  and  then  the  heater  is  turned  on  while  the 
interrogating  beam  is  swung  from  about  4°  north  to  10°  north 
(angles  directly  overhead  are  blocked  out  by  the  heater 
antenna).  Figure  5  shows  such  a  map,  with  a  heated  region 
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centered  35  km  to  the  north  of  the  observatory  at  an  altitude 
of  320  km.  To  determine  possible  heating  out  of  the  meridian 
plane,  a  measurement  to  the  west  was  made,  and  little  heating 
is  indicated  there.  The  run  illustrated  here  is  for  the 
reflected  case,  but  penetrating  cases  show  similar  results, 
if  the  heater  frequency  is  well  matched  to  f  Fj.  No  heating 
has  been  observed  when  the  heater  frequency  is  more  than 
1  MHz  above  fgFj .  The  line  labeled  B  is  the  magnetic  field 
line  that  passes  through  the  center  of  the  heated  volume. 

From  thermal-conductivity  considerations,  the  heated  region 
is  expected  to  be  elongated  along  B. 

The  inherent  variability  of  the  ionosphere  has  precluded 
measuring  induced  changes  in  electron  number  density  during 
most  of  the  experiments.  During  one  run  the  heater  was  cycled 
on  and  off  at  10-minute  intervals;  the  electron  temperature 
increased  by  23%,  and  at  the  same  time  the  electron  density 
decreased  by  14%. 

During  the  day  the  HF  heating  observations  to  date  have 
not  exceeded  a  50 °K  change. 


Time  Constants 

The  electron  thermal  time  constant  in  the  F-region 
is  of  the  order  of  tens  of  seconds,  and  can  be  calculated  from 
the  energy  loss  rates  to  ions  and  neutral  particles.  The 
necessary  accuracy  plus  time  resolution  in  the  backscatter 
data  can  be  achieved  only  by  superposition  of  several  on/off 
heating  cycles.  A  representative  example  of  such  a  run  is 
given  in  Figure  6.  At  HF  transmitter  turn-on,  the  temperature 
rises  abruptly,  and  both  rise  and  fall  times  for  this  example 
are  approximately  20  s.  The  time  between  the  data  points  is 
initially  1.5  s,  then  changes  to  4.5  s. 


/ 
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ANOMALOUS  ABSORPTION 

Plasma-Line  Enhancements 

When  the  ionospheric  F  region  is  illuminated  with 

a  strong  O-mode  HF  radio  wave,  excitations  of  longitudinal 

plasma  and  acoustic  waves  are  observed  by  radar  scattering. 

HF  enhanced  plasma  lines  were  first  observed  at  the  Arecibo 

4 

Observatory  in  1971.  A  summary  of  the  observations  is 
,  5 

given  by  Kantor.  The  decay  line,  the  growing  mode,  and 

image  of  th-  decay  line  are  identified  and  associated  with 

the  components  of  parametric  instabilities.  The  broad  line 

has  been  recently  interpreted  by  Kruer  and  Valeo,8  and  Kuo 

g 

and  Fejer.  Asymmetries  between  the  upshifted  and  down¬ 
shifted  plasma  lines  are  observed  but  no  explanation  has 
been  found.  The  peak  amplitude  of  the  growing  mode  and  the 
broad  line  is  approximately  proportional  to  the  peak  ampli¬ 
tude  of  the  decay  line.  The  thickness  of  the  layer  producing 
the  observed  plasma  line  is  less  than  300  m. 

Enhancement  rise  times  after  HF  turn-on  have  been  found 
to  be  on  the  order  of  tens  of  milliseconds  and  show  a  ringing 
of  the  plasma.  The  period  of  the  ringing  was  about  8  ms  on 
two  measurements  made  under  the  same  conditions.  This  ring¬ 
ing  may  be  the  same  found  by  Kruer  and  Valeo.8 

Decay  times  of  the  plasma-line  intensity  after  HF  turn¬ 
off  are  about  0.3  to  1  ms,  consistent  with  the  linear  theory 
for  the  frequency  range  studied.  They  are  primarily  due  to 
wave  damping  by  photoelectrons,  and  are  shortest  for  those 
waves  going  in  the  direction  of  the  largest  flux.  This  has 
obvious  application  to  photoelectron-flux  studies.  At  night 
the  decay  rates  are  slower  by  a  factor  of  roughly  2  to  10, 
again  consistent  with  the  linear  theory,  primarily  due  to 
electron-ion  collisions.  No  significant  nonlinear  damping 
has  been  detected  yet  through  decay  rate  measurements. 
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There  are  fluctuations  of  the  enhanced  plasma-line 
intensity  over  a  wide  range  of  time  scales.  On  time  scales 
of  hours,  the  observed  severe  decrease  of  intensity  near 
mid-day  in  the  5— to-6— MHz  range  of  HF  frequencies  appears  to 
be  due  to  F ^  region  absorption.  On  time  scales  of  tens  of 
minutes,  one  sunset  run  showed  severe  regular  periodic  fad¬ 
ing  of  the  plasma-line  intensity,  which  can  be  explained"*  in 
terms  of  sliding  through  consecutive  maxima  and  minima  of 
the  (Airy  function)  interference  field  strength  near  the 
reflection  height.  The  rate  of  fading  from  one  minimum  to 
the  next  depends  on  the  rate  of  change  of  the  local  density 
gradient  as  aPProac^es  the  heater  frequency  f  .  The 

envelope-  of  the  maxima  decreases  as  f  F_  approaches  f 

o  2  HF 

(within  the  last  few  percent).  This  is  the  first  time  the 
Airy  function  has  been  observed  in  the  ionosphere. 

The  amplitude  of  the  decay  line  is  observed,  at  times, 
to  fluctuate  almost  one  order  of  magnitude  above  or  below 
its  mean  value  (Ref.  5,  Section  6.2).  The  spectral  analysis 
of  the  variation  of  the  peak  intensity  shows  sharp 
resonances.  The  period  of  oscillation  from  all  available 
data  sampled  every  3  s  ranges  from  35  s  to  3  min.  The  ampli¬ 
tude  distribution  of  these  fluctuations  (Figures  7  and  8) 
gives  evidence  of  saturation  in  the  plasma-line  amplitude.10 
Note  that  the  higher  SNR  edge  of  the  distribution  at  80  kw 
is  higher  than  at  50  kw  for  the  downshifted  decay  line  but 
it  is  almost  coincident  for  the  upshifted;  and,  significantly, 
for  both  upshifted  and  downshifted,  the  lower  HF  power  dis¬ 
tribution  has  a  substantially  higher  low  SNR  tail.  This 
suggests  that  the  signal  is  due  to  plasma  waves  above  thres¬ 
hold  in  a  saturating  level.  One  must  first  rule  out  the 
possibility  of  saturation  (of  the  plasma-line  amplitude)  in 
the  receiving  system  before  considering  implications  of 
saturation  in  the  ionosphere.  Saturation  at  the  receiver/ 
computer  interface  digitizer  is  ruled  out  by  examination  of 


the  levels  individually  recorded  in  real  time  on  magnetic 
tape.  None  of  the  digits  achieved  the  maximum.  Saturation 
in  a  stage  of  the  receiving  system  is  harder  to  detect. 

Figure  9  is  a  histogram  of  the  numerical  values  sampled  by 
the  interface.  On  1050:00  AST  most  of  the  sampling  had 
larger  values  than  at  1051:40  AST.  Saturation  in  any  part 
of  the  receiving  system  would  flatten  the  distribution  of 
the  numerical  value  of  the  1050:00  AST  curve  relative  to 
the  1051:40  AST  distribution.  This  exemplifies  the  conclu¬ 
sion  that  no  saturation  is  found  in  the  receiving  system, 
indicating  that  the  data  shown  in  Figures  7  and  8  (Ref.  10) 
represent  saturation  of  the  amplitude  of  the  decay  line  in 
the  ionospheric  plasma. 

Further  investigation  of  the  fluctuation  and  saturation 
of  the  plasma  line  was  done  using  Barker  coded  signals. 

Figure  10  shows  an  altitude  profile  with  a  900  m  resolution 
of  the  upshifted  and  downshifted  plasma  line  and  the  ion 
enhancement  (see  Ion-Line  Enhancement  below) .  Again  the 
plasma  line  showed  strong  oscillations,  and  the  amplitude 
probability  distribution  (Figure  11)  had  a  shape  similar  to 
that  observed  in  Figures  7  and  8.  The  HF  transmitted  power 
was  reduced  and  then  raised  again  in  5-min  steps  between 
46  kW  and  15  kW.  This  allowed  comparison  of  the  distribution 
function  at  the  same  HF  power  level  but  at  different  times 
in  the  half  cycle  of  power  steps  (roughly  45  kW  to  15  kW  to 
45  kW).  The  distribution  functions  at  like  HF  powers  were 
found  to  differ  substantially  between  the  down-  and  up-half 
of  the  series,  presumably  due  to  ionospheric  variations. 

This  obviates  any  firm  conclusions.  The  inconclusive  high- 
power-versus-low-power  comparison  for  thi:?  entire  run  is 
shown  in  Figure  11.  However,  during  the  rising  HF  power 
Porti°n  of  the  series,  the  saturation  level  and  the  SNR  of 
the  peak  of  the  relative  probability  distribution  of  the 
plasma  -  line  intensities  were  relatively  stable.  In  this 
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relatively  stable"  time  interval,  one  comparison  is 
available  between  a  25- kW  and  a  45- kW  power— level  run 
adjacent  in  time,  and  is  shown  in  Figure  12.  There  the 
lower  HF  power  distributions  had  a  substantially  higher 
low  SNR  tail,  consistent  with  the  earlier  results  of 
Figures  7  and  8. 

Note  that  Fiyures  7  and  8  represent  the  peak  ampli¬ 
tudes  of  the  decay  line  as  measured  in  a  1-kHz-resolution 
spectral  analysis  of  the  signal,  and  the  HF  power  was  50 
kW  and  80  kW.  However,  Figure  11  gives  the  peak-power. 
Barker-decoded  plasma-line  profile,  which  is  received 
through  a  6-us  matched  filter,  and  this  contains  all  the 
power  in  about  a  1/0-kHz  band  centered  on  the  plasma-line 
peak.  The  saturation  level  of  1000  in  Figures  7  and  8 
corresponds  to  a  saturation  level  in  Figures  11  and  12  of 
about  6,  the  ratio  of  the  bandwidths  1  kHz  and  170  kHz. 


Ion-Line  Enhancement 

10  shows  an  ion  enhancement  using  the 
Barker  coded  pulse.  Figure  13  shows  a  plot  of  the  peak 
power  of  the  ion-enhancement  versus  the  peak  power  of  the 
upshifted  plasma-line,  both  measured  with  a  height  resolu¬ 
tion  of  900  m.  The  dashed  line  represents  a  square-law 
dependence 

Jon  enhancement  =  0.04  (plasma  line)2 

Data  seem  to  follow  the  square  law  closely,  suggestive  of 
being  above  threshold. 

The  ion  component  shows  a  highly  variable  amount  of 
enhancement.  On  two  occasions  measurement  of  the  auto¬ 
correlation  function  indicated  enhanced  correlation  beyond 
the  first  autocorrelation  zero  crossing,  which  indicates 
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the  presence  of  spikes  in  the  frequency  spectrum  at  the  ion 
acoustic  frequency,  as  is  predicted  by  the  parametric  theory. 
The  facr  that  the  cross  section  increases  shows  that  the 
effect  is  due  to  HF  enhancement  of  the  ion  line  and  not  only 
temperc t ire  increase.  The  ratio  of  the  second  maximum  to 
first  minimum  in  the  autocorrelation  function  also  indicates 
this.  On  the  first  occasion  the  enhancement  factor  above 
the  background  ionospheric  echo  wts  about  two  orders  of 
magnitude  (with  600-m  resolution) .  These  autocorrelation 
data,  gathered  with  a  relatively  crude  program  are  shown  in 
Figure  14.  Substantially  higher-quality  ion-component  auto¬ 
correlation  data  have  since  been  gathered  showing  enhancement 
factors  of  about  2  to  5  (with  2.7-km  resolution),  (c.  Zamlutti 
and  T.  Hagfors,  private  communication*).  These  data  are  of 
sufficient  quality  to  permit  estimates  of  the  width  of  the 
apparent  spikes  on  the  ion  spectral  wings. 

Gyroline  Enhancements 


The  purpose  of  this  subsection  is  to  summarize  the 
observations  of  the  enhanced  electron  cyclotron  line,  which 
was  seen  for  the  first  time  in  the  spectrum  of  the  back- 
scattered  echo  during  the  Arecibo  heating  experiment.  Con- 
commitantly  with  the  plasma-line  enhancements,  a  new  para¬ 
metric  instability  was  detected  near  the  electron  gyro- 
frequency  and  possibly  its  second  harmonic.  Our  observed— 
power-spectrum  data  show  a  noticeable  peak  near  the  second- 
harmonic  gyrofrequency,  consistently  above  the  statistical 
fluctuations  of  the  measurements.  However,  since  the  SNR  is 
small,  and  its  line-width  extremely  narrow,  the  quantitative 
measurement  of  its  characteristics  is  not  possible  at  the 
present  time.  These  new  lines  plus  their  harmonics  are 

interpreted  in  terms  of  their  threshold  conditions  and  growth 
rates . 7 


T.  Hagfors  and  C.  Zamlutti,  "Observations  of  Enhanced  Ion 
Line  Frequency  Spectrum  During  Arecibo  Ionospheric  Modifica¬ 
tion  Experiment  ,  "  to  appear  in  Proceedings  of  19th  Technical 
Meeting  of  the  Electromagnetic  Wave  Propagation  Panel  of  the 
Adyisory  Group  for  Aerospace  Research  and  Development,  NATO, 
Edinburgh,  Scotland,  November  12-16,  1973. 
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From  the  analysis  of  the  upshifted  backscattered  signal, 
the  following  results  are  obtained:  (1)  A  new  instability 
(and  the  existence  of  its  second  harmonic)  around  the  elec¬ 
tron  gyrofrequency,  having  a  full  width  at  half  maximum  point 
of  about  1  kHz,  is  detected  unambiguously  during  certain  runs. 
(2)  The  center  frequency  of  the  observed  lines  is  seen  to 
change.  Since  this  change  in  frequency  is  much  larger  than 
the  corresponding  line  width,  it  can  be  concluded  that  the 
gyroline  comes  from  a  thin  layer.  This  change  can  be  attri¬ 
buted  to  (a)  the  ionosphere  changing  in  that  layer,  (b)  t  a 
earth  magnetic  field  changing,  or  (c)  some  parameters 
affecting  this  instability  changing.  Note  that  this  gyroline 
is  sampled  simultaneously  with  the  enhanced  plasma  line,  and 
that  both  lines  seem  to  come  from  the  same  height.  These 
results  are  summarized  in  Figure  15. 


Airglow  Observations 

Both  red-line  enhancements  and  suppressions  have 
been  observed,  x-mode  suppressions  of  roughly  one  percent 
(out  of  120  rayleiyhs)  have  been  obtained,  consistent  with 
the  temperature  dependence  of  the  recombination  rate,  o-mode 
enhancements  have  been  observed  of  about  1  to  10  rayleighs 

offering  both  HF-power  and  enhancement-altitude-dependence 
information.  (Figure  16). 

6300-X  airglow  enhancements  were  observed  at  Arecibo  in 
October,  coincident  with  the  HF  excitation  of  the  ionospheric 
Plasma  waves.  These  manifestations  of  the  plasma  waves  pro¬ 
duced  by  the  anomalous  HF  heating  help  better  confirm  and 
define  the  damping  mechanisms,  particularly  with  coincident 
planma-lme-decay-rate  data.  The  airglow  enhancement  is  also 
another  indication  that  the  Arecibo  facility  can  deliver 
above-threshold  power  densities  (airglow  enhancements  were 


seen  at  a  factor  of  4  below  available  Arecibo  transmitted 
power  levels),  given  that  the  stronger  airglow  enhancements 
were  comparable  with  those  seen  at  Boulder. 


The  airglow  enhancements  are  attributed  to  impact 

excitation  by  energetic  (order  of  several  eV)  electrons 

driven  by  enhanced  plasma  waves.  The  airglow  enhancements 

were  measured  for  various  powers  (power  dependence)  and  over 

a  range  of  altitudes  (altitude  dependence  of  enhancement 

efficiency  and  decay  rates).  Simultaneous  plasma-line- 

intensity  data  (plasma  wave  temperature)  were  also  gathered, 

providing  further  information  on  the  energy  and  altitude 

dependence  of  these  enhancements.  Decay  rates  of  these 
0 

6300-A  enhancements  should  help  define  quenching  coeffi¬ 
cients  and  molecular-nitrogen  number  densities  in  the  upper 
atmosphere,  a  qualitatively  new  technique  afforded  by  the 
heating  experiment. 


IONOGRAMS  —  ARECIBO  AND  BOULDER 


F  Region 


11 


Utlaut  and  Cohen4"1'  list  effects  observed  on  iono- 
grams  due  to  HF-radio-wave  modification  of  the  ionosphere. 
The  five  effects  in  their  tabulation  are  listed  first  in 
Table  2.  They  are  pertinent  to  ionograms  and  particularly 
to  the  Boulder  (geomagnetic  49°N,  316°E)  facility.  Table  2 
is  an  expanded  version  of  their  tabulation  and  includes 
results  from  ionograms  at  Arecibo  (geomagnetic  30°N,  2°E). 
The  symbols  are  defined  as  follows: 


0 

u 

-> 


Positive  results 
Negligible  effect 

Results  to  date  not  completely  conclusive 

Information  not  yet  available 

Not  explicitly  covered  in  publications. 
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Effects  6  through  8  are  listed  because  of  the  detailed 
description  of  their  occurrence  at  Boulder  by  Utlaut  and 
Violette,  who  also  observed  short-lived  sporadic-E  echoes, 
possibly  connected  with  HF  heating. 

Both  HF  transmitters  radiate  either  O-mode  or  X-mode 
waves  to  the  ionosphere,  which  are  deflected  from  vertical 
due  to  the  effects  of  the  magnetic  field.  An  ionosonde 
located  at  the  same  site  as  the  transmitter  and  sounding 
vertically  at  the  heating  frequency,  should  obtain  echoes 
from  about  the  same  area  of  the  ionosphere  that  the  heater 
is  illuminating.  This  is  the  case  at  Arecibo,  but  at 
Boulder  the  heater  and  ionosonde  are  separated  by  about 
26  km.  (This  distance  is  well  within  the  radius  of  the 
area  heated,  but  several  Fresnel  zones  removed  from  the 
center  of  the  heating  beam.)  Effects  seen  on  the  ionograms 
from  the  two  locations  differ  in  detail  because  of  the  dif¬ 
ferent  ionosonde  and  antenna  equipment  in  use,  and  possibly 
because  of  the  different  magnetic  dip-angles,  the  different 
characteristics  of  the  HF  transmitters,  and  the  distance 
between  the  ionosonde  and  transmitter  at  Boulder. 

The  first  two  effects  listed  in  Table  2  —  spread  o 
and  spread  x  echo  are  observed  on  ionograms  at  both 
locations,  both  day  and  night,  and  with  O-mode  or  X-mode 
HF  excitation.  There  appears  to  be  little  difference  in 
the  observations  made  at  the  two  locations  for  these  effects. 

In  the  case  of  attenuation,  however,  there  may  be  some 
real  difference  between  O-mode  and  X-mode  excitations  and 
between  Boulder  and  Arecibo  observations.  For  Arecibo,  day¬ 
time  attenuation  of  the  ordinary  mode  above  the  heating 
frequency  is  well  observed  for  0  excitation;  for  Boulder, 
the  results  are  inconclusive.  Consistent  daytime  attenua¬ 
tion  of  the  O-echo  due  to  X-mode  excitation  has  not  been 
seen  at  either  location.  At  Boulder,  nighttime  O-echo 
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attenuation  due  to  the  X-mode  excitation  is  reported  to 
be  negligible;  at  Arecibo,  it  is  more  pronounced.  The 
observations  of  X-echo  attenuation  are  more  consistent 
(i.e.,  inconclusive  or  negligible)  for  both  locations,  the 
exception  being  that  X-echo  attenuation  at  night  witu 
X— mode  excitation  appears  to  be  more  pronounced  at  Arecibo 
than  at  Boulder. 

It  is  not  clear  from  published  material  whether 
branched  O-echoes  or  X— echoes  near  penetrating  frequencies 
have  been  observed  at  Boulder  for  daytime  O-mode  or  X-mode 
excitation,  but  at  Arecibo  there  is  an  observation  of  both 
effects  with  X-mode  excitation,  and  an  observation  of  a 
split  trace  near  the  0  critical  frequency  with  0— mode 
excitation.  The  effect  is  observed  at  both  locations  at 
night  for  both  modes  of  excitation. 

The  frequency  gap  in,  or  attenuation  of,  the  first 
multiple  reported  by  Utlaut  and  Violette  is  also  observed 
at  Arecibo,  where  the  greater  virtual-height  range  of  the 
ionograms  (0  to  1000  km)  displays  the  second  multiple 
return,  which  often  shows  complementary  effects.  Daytime 
observations  are  reduced  at  either  location  due  to  D-region 
absorption. 

Possible  E-region  effects  of  HF  heating  include  a 
short-lived  enhancement  of  the  top  frequency  of  E  layers 
seen  at  both  locations,  attenuation  of  E-region  echoes,  and 
on  one  occasion  at  Arecibo  what  appeared  to  be  production 
of  range-type  spread"  in  an  intense  natural  sporadic  E 
layer  (see  next  subsection) . 

The  agreement  between  observations  at  Boulder  and 
Arecibo  indicates  that  there  is  little  qualitative  differ¬ 
ence  in  the  response  of  the  ionosphere  to  HF  heating. 


The  interpretation  of  the  ionograms  as  modified  by  the 
heating  transmitter  is  tentatively  as  follows: 

(1)  Effects  1  and  2  in  Table  2  are  thought  of  as  an 
enhancement  in  the  fluctuations  of  electron 
density  generated  at  the  height  associated  with 
the  plasma  line  and  propagated  both  upward  and 
downward  in  height.  The  increased  fluctuations 
produce  a  scattering  of  the  HF  signals,  giving 
a  spread  appearance  to  the  ionogram  trace. 

(2)  Effects  3  and  4  of  Table  2,  the  attenuation  of 
the  ionosonde  echo  at  frequencies  above  the 
heater  frequency,  are  thought  of  as  a  layer  of 
anomalous  absorption  at  the  height  where  the 
plasma  line  is  excited.  The  HF  signal  passing 
through  this  layer  (the  signals  at  frequencies 
above  the  heater  frequency)  suffer  an  extra 
attenuation. 

(3)  Effects  6,  7  and  8  of  Table  2  are  thought  of  as 
produced  by  a  bubble  in  the  electron  density 
contours  introduced  at  the  height  where  the 
plasma  is  heated  and  conducted  to  other  heights. 
The  ionosonde  observes  one  profile  through  the 
bubble  and  a  second  in  the  ambient  ionosphere 
simultaneously,  leading  to  pairs  of  traces  cn 
the  ionograms . 
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Sporadic  E  Layers 


Utlaut  a’ld  Violette  (1972)  reported  short-lived 

E-region  echoes  ort  ionograms  from  frequencies  above  f  F_  in 
.  .  .  o  2 

connection  with  RF  ionosphere  modification  experiments  at 

Boulder.  The  returns  appeared  to  be  from  sporadic  E  layers 

that  blanket  (obscure)  the  F  region  only  below  the  E-region 

critical  frequency  (2  to  4  MHz).  it  was  stated  that  due  to 

the  normal  variability  of  the  E  region,  particularly 

sporadic-E  occurrence,  the  high-frequency  returns  could  not 

definitely  be  associated  with  the  ionosphere  modification 

experiment. 

Similar  sporadic  E  echoes  have  been  observed  at  Arecibo, 
in  association  with  the  ionosphere  modification  program 
there,  but  the  effects,  as  at  Boulder,  are  not  reproducible 
to  the  extent  that  they  can  definitely  be  related  to  the 
^eating  experiment.  On  two  occasions  during  ionosphere 
modification  experiments  an  intense,  blanketing  natural 
sporadic  E  layer  developed.  On  one  of  these  occasions,  HF- 
enhanced  plasma  line  echoes  at  5  MHz  were  observed  in  one 
patch  (but  not  in  other  patches)  of  a  sporadic  E  layer, 
requiring  the  plasma  to  have  an  electron  density  corres¬ 
ponding  to  5  MHz.  The  blanketing  frequency  at  the  time  was 
nearly  10  MHz.  Failure  to  observe  the  plasma  line  contin¬ 
uously  suggests  that  the  blanketing  may  be  associated  with 
causes  other  than  reflection  of  the  HF  waves. 

A  brief  survey  of  all  data  within  the  time  period 
covered  by  four  series  of  heating  experiments  suggests  that 
at  Arecibo  natural  range-type  spread  frequency  in  a  sporadic 
E  layer  is  fairly  common  (for  this  sample)  and  is  generally 
observed  when  the  blanketing  frequency  is  less  than  about 
eight-tenths  of  the  maximum  frequency  in  the  sporadic  E 
layers . 
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Figure  1 


Figure  2 


Figure  3 


Figure  4 


Figure  5 


FIGURE  CAPTIONS 

Electron-temperature  contours  from  incoherent- 
backscatter  data.  The  temperatures  are  elevated 
at  and  below  the  HF  reflection  altitude.  After 
the  HF  is  turned  off,  the  temperature  relaxes 
to  ambient  conditions. 

Changes  in  electron  temperature  for  penetrating 
and  reflecting  O-mode  propagation.  The  two 
electron-temperature  profiles  on  the  right-hand 
faces  of  the  cubes  are  averages  of  heated  and 
unheated  samples . 

Electron  and  ion  temperature  vs.  altitude  for 
zero-,  half-,  and  full-power  heater  operation. 

The  electron-temperature  change  is  clear,  while 
a  possible  ion-temperature  change  is  uncertain. 

Electron  and  ion  temperature  vs.  time  for  zero-, 
half,  and  full-power  heater  operation.  This  is 
the  same  experiment  as  the  previous  figure.  The 
electron  temperature  tracks  remarkably  well  with 
the  vertical  bars,  which  represent  transmitted 
power.  The  possible  ion-temperature  correlation 
with  transmitted  power  is  smaller  than  the 
estimated  error,  which  is  slightly  less  than  50°K. 

Contour  map  of  change  in  electron  temperature. 

The  vertical  scale  is  altitude  in  km,  and  the 
horizontal  scale  is  distance  to  the  north  and  to 
the  west  of  the  Observatory.  The  O-mode  ray  was 
reflected  at  340  km,  and  the  center  of  the  heated 
region  was  deviated  35  km  toward  the  north. 
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F-i  gure  6 


Figure  7 


Figure  8 


Figure  9 


Figure  10 


Figure  11 


Change  in  electron  temperature  with  fine  time 
resolution.  This  is  a  superposition  of  10  on- 
off  cycles  of  HF  transmitter  power.  The  fall 
time  seems  reasonably  smooth,  but  there  seems 
to  be  unexplained  structure  immediately  follow¬ 
ing  turn-on. 

Amplitude  probability  distribution  for  the 
downshifted  decay  line.  The  relative  probability 
scale  is  linear  and  starts  at  zero.  Note  that 
the  peak  SNR  is  logarithmic.  The  probability 
distribution  is  given  for  two  transmitted  powers. 

Amplitude  probability  distribution  for  the  up- 
shifted  decay  line.  The  relative  probability 
scale  is  linear  and  starts  at  zero.  Note  that 
the  peak  SNR  is  logarithmic.  The  probability 
distribution  is  given  for  two  transmitted  powers. 

Histogram  of  the  numbers  sampled  by  the  interface 
of  the  computer .  Curves  are  given  for  two 
occasions,  over  10  s  of  sampling  data. 


Barker-code  profile  for  upshifted  and  downshifted 
plasma  line  and  ion  enhancement.  Individual 
points  are  separated  by  900  m.  HF  power  was  25  k W. 

Peak-power  probability  distribution  of  the  up- 
shifted  plasma  line  from  Barker  decoder  data. 
Solid-line  curve  adds  all  data  where  HF  power 
was  between  30  kW  and  46  kw.  Dashed  line  adds 
data  between  15  kW  and  25  kW. 
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Figure  12 


Peak-power  probability  distribution  of  the 
upshifted  plasma  line  from  Barker  decoder  data. 
For  the  solid-line  curve  the  HF  power  is  45  kW, 
sud  for  the  dashed  line  it  is  25  kW.  These  are 
5-minute  averages,  adjacent  in  time. 

Figur*  13  Peak  power  of  the  ion  enhancement  vs.  upshifted- 
plasma-line  peak,  from  Barker  decoder.  Dashed 
line  represents  quadratic  power  dependence. 

Figure  14  HF-enhanced  ion-component  autocorrelation  func¬ 
tions,  showing  enhanced  minima  and  maxima  beyond 
the  first  zero  crossing,  as  theory  predicts. 

Figure  15  Diagram  showing  simultaneously  the  plasma  line 

and  gyroline  power  spectra.  The  frequency  scale 
denotes  the  frequency  separation  from  the  opera¬ 
ting  backscatter  frequency  (430  MHz).  in  the 
lower  diagrams  the  HF  transmitter  was  off  while 
in  the  upper  diagram  it  is  on. 

O 

Figure  16  6300-A  airglow  intensity  and  average  HF  enhanced 

plasma  line  intensity  vs.  time.  The  HF  trans¬ 
mitter  is  cycled  on  and  off  in  4  minutes.  The 
difference  between  the  dashed  (background)  and 
solid  curves  is  the  0-mode,  HF  induced  impact 
excitation.  The  time  constant  is  a  measure  of 
the  N2  number  concentration  times  the  quenching 
coefficient . 
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RELATIVE  CORRELATION 


FIGURE  15 


6300 


APPENDIX 


Plasma  Lines  Enhanced  by  High  Frequency  Radio  Waves 

The  observational  feature  that  attracted  the  most 
attention  is  the  power  spectrum  of  the  plasma  lines  enhanced 
by  high  frequency  radio  waves.  The  interpretation  of  the 
spectra  was  developed  in  the  thesis  by  I.  J.  Kantor.  Here 
we  present  series  of  spectra  selected  from  the  many  obser¬ 
vations  recorded. 

The  general  conditions  for  the  experiment  are  briefly 
summarized  in  the  following  paragraphs.  The  particular 
conditions  are  listed  in  Table  1  and  Table  2.  The  electron 
and  ion  temperatures  as  observed  by  the  radar  and  the  pene¬ 
tration  frequencies  (fQF2)  from  the  ionosondes  are  given  in 
Table  3  for  times  near  the  times  of  the  spectral  observa¬ 
tions.  Plots  of  the  spectra  follow.  Each  spectrum  has  a 
number  that  relates  it  to  Table  1  and,  therefore,  to  the 
other  tables. 

The  spectra  are  observed  using  the  incoherent  scatter 
radar  with  a  transmitted  frequency  centered  at  430  MHz  and 
a  receiving  window  shifted  upward  or  downward  by  a  frequency 
equal  to  that  of  the  HF  transmitter.  The  radar  beam  is 
directed  four  degrees  magnetic  north  of  the  zenith  and  has 
a  half-power  beam  width  of  0.2°.  The  HF  radiation  is 
directed  vertically  upward  and  has  a  half-power  width  of 
about  ten  degrees  (the  1000  foot  reflector  fed  by  crossed 
dipoles  serves  as  the  antenna). 

The  spectra  are  plotted  on  frequency  power  coordinates. 
The  frequency  increases  to  the  right  and  the  unit  marked  on 
the  abscissa  is  5  kHz.  The  marker  extending  below  the 
abscissa  corresponds  to  the  frequency  of  the  HF  transmitter 
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relative  to  the  radar  center  frequency,  430  MHz.  The  power 

scale  is  linear  in  power  and  normalized.  The  maximum  value 

for  each  spectrum  is  given  in  watts  by  the  product  of 

(SNR)  (RES)  (kTR)  where  SNR  is  the  signal-to-noise  ratio  in 

Table  1,  RES  is  the  spectral  resolution  equal  to  1.0  kHz 

for  all  of  the  spectra  included,  k  is  Boltzman's  constant, 

1.4  x  10  watts  (kHz)  ^"(degree  K)  \  and  T  is  the  re- 

R 

ceiving  system  noise  temperature  given  in  Table  2.  The  units 
in  the  tables  are  those  indicated  in  Boltzman's  constant. 

The  zero  on  the  power  scale  is  zero  power  in  the  spectrum, 
i.e.,  the  receiver  noise  has  been  subtracted. 

The  column  labels  in  Table  1  are: 

START  The  start  of  the  observation  in  hours  minutes 
and  seconds  (Atlantic  Standard  Time)  hhmmss. 

STOP  The  end  of  the  observation  (time  as  in  START)  . 

DATE  Day  month  year  DDMMYY 

IPPS  Interpulse  periods,  the  number  of  radar  pulses 

used  in  the  computation  of  the  spectrum. 

ct  The  standard  deviation  of  the  power  observation 

in  percent. 

SNR  The  signal-to-noise  ratio  of  the  maximum  point 

in  the  spectrum  corrected  for  antenna  and  re¬ 
ceiver  gains  and  referenced  to  the  system  noise 
level  at  430  MHz. 

PHF  The  power  generated  by  the  HF  transmitter  in 

kilowatts . 

FHF  The  frequency  of  the  HF  transmitter  in  kilo¬ 

hertz  relative  to  the  radar  center  frequency, 
430  MHz,  a  +  meaning  the  spectral  window  is 
above  430  MHz  and  a  -  meaning  the  spectral 
window  is  below  430  MHz. 
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H 


The  height  in  kilometers  at  which  the 
observational  data  bigin.  Normally  the 
enhanced  region  is  a  few  tens  of  kilometers 
above  this  height. 

BLK  The  identifying  number  (label)  of  the 

spectrum. 
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110241  110259  80372  430  5.2  1122.0  50  -7630  249  149 

110241  110259  80372  430  5.2  2353.0  50  +7630  249  150 
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TABLE  2 

Receiving  System  Noise  Temperature 

Date  T 

R 

23-28  July  1971  350°K 

8  March  1972  275 °K 
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TABLE  3a 


Ion  and  Electron  Temperatures  Measured  by  the  Radar 


23  July  1971  2020-2025  AST 

HF  Transmitter  on  at  8.195  MHz  at  115  kw 


Altitude  Temperatures 


(km) 

Te(°K) 

Ti(°K) 

302 

885 

954 

344 

944 

916 

386 

972 

872 

428 

993 

928 

470 

991 

1085 

512 

1126 

1062 

554 

1120 

1036 

24  July  1971  1554-1608  AST 

HF  Transmitter  on  at  8.198  MHz  at  78  kw 


Altitude  Temperatures 


(km) 

Te(°K) 

Ti(°K) 

222 

1722 

940 

240 

1854 

1066 

258 

276 

1743 

1086 

294 

1634 

1031 

312 

1469 

1082 

330 

1450 

1062 

348 

1402 

1166 

24  July  1971  1723-1735  AST 

HF  Transmitter  on  at  8.198  MHz  at  100  kw 


Altitude  Temperatures 


(km) 

Te(°K) 

Ti(°K) 

222 

1765 

1000 

240 

1860 

1146 

258 

276 

1662 

1176 

294 

1546 

1085 

312 

1496 

1071 

330 

1402 

1098 

348 

1397 

1101 

1. 
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24  July  1971 


1735-1746  AST 
HF  Transmitter  off 


Altitude 

Temperatures 

(km) 

T  (°K) 
e 

T.(°K) 

222 

1751 

976 

240 

1879 

977 

258 

1670 

942 

276 

1764 

985 

294 

1567 

1069 

312 

1477 

1084 

330 

1373 

1107 

348 

1405 

1086 

25  July  1971  0936-0949  AST 

HF  Transmitter  on  at  5.425  MHz  at  100  kw 


Altitude  Temperatures 


(km) 

Te(°K) 

Ti(°K) 

222 

1742 

898 

240 

1962 

941 

258 

1891 

958 

276 

1945 

935 

294 

1853 

985 

312 

1807 

1023 

330 

1749 

1021 

348 

1733 

1108 

25  July  1971  1025-1036  AST 

HF  Transmitter  on  at  6.79  MHz  at  lOOkw 


Altitude  Temperatures 


(km) 

Te  (  °K) 

T±  (  °K 

222 

1744 

764 

240 

1937 

7  62 

258 

1830 

817 

276 

1839 

829 

294 

1709 

836 

312 

1597 

951 

330 

1647 

999 

348 

1546 

969 

T 
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28  July  1971 


0715-0724  AST 

HF  Transmitter  on  at  5.425  MHz  at  91  kw 


Altitude 

(km) 


Temperatures 
Te(°K) 


^(“K) 


218 
2  60 
302 
344 
386 
428 
470 


1879 

2311 

2540 

2702 

2611 

2746 

2822 


751 

796 

835 

895 

886 

807 

774 


28  July  1971 


0746-0756  AST 

HF  Transmitter  on  at  5.425  MHz  at  100  kw 


Altitude 

(km) 


Te(°K) 


Temperatures 


Ti(°K) 


218 

260 

302 

344 

386 

428 


1845 
2154 
2427 
2417 
2571 
2  643 


786 

835 

861 

989 

967 

1108 
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8  March  1972 


1133-1137  AST 
HF  Transmitter  off 


Altitude 

Temperatures 

(km) 

Ta(°K) 

T.(°K) 

218 

1627 

1021 

2  SO 

1449 

963 

302 

1123 

1132 

344 

1197 

1069 

386 

1224 

1096 

428 

1339 

1136 

470 

1307 

1238 

512 

1637 

13  63 

554 

1915 

1346 

596 

1984 

1742 

8  March  1972  1137-1141  AST 

HF  Transmitter  on  at  7.63  MHz  at  100  kw 


Altitude 

Temperatures 

(km) 

Te(°K) 

T.(°K) 

218 

1690 

806 

260 

1389 

991 

302 

1217 

1040 

344 

1209 

1108 

386 

1125 

1181 

428 

1211 

1256 

470 

1500 

1137 

512 

1673 

1402 

554 

1952 

1636 

596 

2046 

1801 

TABLE  3b 


Penetration  Frequencies  From  the  Ionosonde 


23  July  1971 


Time  (AST) 

1924 

1939 

1945 

1954 

2009 

2024 

2039 


Frequencies 
fQF2  (MHz) 

9.0 

8.7 

>  8.0  E 

8.5  E 

>  8.0  E,M 

7.8  M 

7.5  M 


M  =  multiple  reflection 
E  =  sporadic  E 


24  July  1971 


Time  (AST) 

Frequencie: 
fQF2 (MHz) 

1520 

9.5  F 

1530 

9.5/10  F 

1540 

9.7  F 

1550 

9.7  F 

1600 

9.8  F 

1610 

9.8  F 

1620 

9.9  F 

1630 

9.5/10  F 

1640 

9.8  F 

1650 

9.8  F 

1700 

9.4  F 

1710 

9.3  F 

1720 

9.1  F 

1730 

9.0  F 

1740 

8.9  F 

1750 

8.6  F 

1800 

8.8  F 

F  =  thick  traces 


JV"  lA  TAJMf*4VjJ 1 1  '"" IJ  ■.m«.«is,:JI,h*i  ;»,« «. ^  i 
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25  July  1971 


28  July  1971 


Time  (AST) 

Frequencie 

fQF2 (MHz) 

0900 

6.8 

0905 

6.9 

0910 

7.0 

0915 

7.0 

0920 

7.1 

0925 

7.2 

0935 

7.4 

0940 

7,5 

0945 

7.5 

0950 

7.6 

0955 

8.0 

1000 

8.0  F 

1005 

8.1  F 

1010 

8.1  F 

1015 

8.1 

1020 

8.1 

1025 

8.1 

1030 

8.1 

1035 

8.1 

1040 

8.0 

1045 

8.1 

1050 

8.1 

1055 

8.1 

1100 

8.1 

1105 

8.2 

F  =  thick  traces 

Time  (AST) 

Frequencies 

f0F2  (MHz) 

0630 

4.7 

0635 

4.7 

0640 

4.8 

0645 

4.9 

0650 

4. 5/5. 5 

0655 

4. 5/5. 5 

0700 

4.8 

0705 

4.8 

0720 

5.5 

0750 

6.1 

0857 

6.5 

0900 

6.5 

0910 

6.4 

0940 

7.1 

-58- 
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8  March  1972 


Frequencies 

Time  (AST) 

V2  (MHZ) 

0200 

5.1 

0302 

5.0 

0401 

4.0 

0510 

3.3 

0600 

3.2 

0703 

6.0 

0750 

7.5 

0815 

7.9 

0855 

8.8 

0930 

9.7 

1030 

11.2 

1140 

13.0 

1240 

12.5 

1340 

12.8 

1430 

13.0 

1515 

13.0 

1605 

13.3 

1710 

13.2 

1815 

12.0 

1905 

9.4 

1920 

8.7 

2005 

7.2 

2049 

7.4 

HfttKw**. 
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